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Abstract— Emerging in-car communication technologies con-
tinually offer new communication capabilities between vehicles
and infrastructure that, together with more accurate posi-
tioning systems, can be used to improve the use of current
infrastructure. The aim of this paper is to present a novel
merging assistant strategy that exploits cooperative systems to
reduce congestion at motorway junctions. This new system,
called Cooperative Merging Assistant, groups main carriageway
vehicles together and collects the inter-vehicle spaces into gaps
that are usable by merging traffic. These gaps will facilitate
the coordinated entry of platoons of vehicles released by an
on-ramp traffic signal. The performance of this new system
is evaluated using microscopic simulation. Results show the
reduction of late-merging vehicles, decrease in congestion and
increase of merging capacity. This study shows how the use
of cooperative systems can improve the the merging maneuver
and so lead to a reduction of congestion on motorways.
I. INTRODUCTION
Motorway traffic congestion is a phenomenon experienced
by millions of drivers every day with significant economic
losses. Nowadays, new capabilities offered by emerging
in-car communication technologies enabling communication
between vehicles (V) and infrastructure (I), more accurate
positioning systems and more precise algorithms for data
fusion and systems integration can be used to improve the use
of infrastructure. These technologies, systems and algorithms
offer new opportunities for cooperation among vehicles.
Since traffic flow theory has been developed, the nature
of congestion and its principal causes have been discussed
intensively. Recurrent congestion on motorways occurs at the
same locations due to specific infrastructure features such as
on-ramps, lane-drops, sharp bends; but it does not always
happen under the same traffic conditions [1]. This empirical
phenomenon is not described by classical traffic flow theory
[2], according to which, the transition from free-flow to
congested-flow, i.e. traffic flow breakdown, occurs only when
the density of the vehicles exceeds a critical value. Prigogine
and Herman suggested that breakdown does not occur in
this deterministic way but has a stochastic nature [3]. If the
traffic density is less than the critical value, then breakdown
happens at a certain probability per unit time that increases
with traffic density. This concept of rate of breakdown is
related to that of stochastic motorway capacity as introduced
and empirically analysed by Brilon et al. [4]. While [3] and
[4] proposed a stochastic nature of breakdown and capacity,
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other authors identified the perturbations of merging vehicles
as the cause of breakdown at on-ramp merges [5], [6].
These perturbations can be created by aggressive driving,
relaxation phenomenon and by vehicles that are not able
to find a suitable gap during the merging manoeuvre [7];
therefore, they are forced to decrease their speed when
they approach the end of the acceleration lane. These late-
merging vehicles will then accept smaller gaps and merge
with lower speeds, thus disrupting the main carriageway
vehicles. This phenomenon can trigger a transition from free-
flow to congested-flow even if the vehicle density is lower
that the critical one. Leclercq et al. described the behaviour
of the merging vehicles as moving bottlenecks responsible
for a capacity drop at the merging sections, identifying the
difference in speed between the merging vehicles and the
main carriageway traffic as the principal cause [8].
The most widespread traditional ITS system for managing
motorway junctions is ramp metering (RM). RM aims to
regulate vehicles entering the motorway from the on-ramp
to avoid congestion on the main carriageway. In the last
40 years, different control strategies have been developed
for this purpose [9], for example: demand-capacity strategy
based on downstream occupancy and upstream flow [10];
ALINEA based on downstream occupancy and a closed loop
control strategy [11]; ANCONA based on upstream speed
[12]; and strategies based on a model predictive control
approach [13]. All these control strategies are based on
traditional technologies, such as detector loops and traffic
lights, to prevent congestion, and in particular they do not
make use of cooperation from main carriageway vehicles
to reduce disruptions caused by late-merging vehicles. On
the other hand, innovative traffic management strategies can
exploit the capabilities offered by emerging communication
technologies to request cooperation between on-ramp and
main carriageway vehicles [14]. Early work on managed
vehicle merging focused on the safety of the merging ma-
noeuvre rather than improving traffic flow and avoiding
congestion [15]–[17]. Subsequently, Davis studied the use
of Cooperative Adaptive Cruise Control systems, capable of
detecting vehicles on the on-ramp, and facilitating the merg-
ing of individual vehicles improving motorway throughput
[18]. Daamen et al. investigated a similar approach, focusing
the analysis on the effects of sending messages to individual
vehicles as soon as its behaviour could disturb the traffic flow,
eg a main carriageway vehicle hindering merging vehicle at
on-ramp [19]. While the control strategies developed in [18]
and [19] modify the speed of main carriageway vehicles,
Wang et al. presented a proactive traffic control algorithm
for facilitating the merging of equipped cars which modified
the speed of on-ramp vehicles [20]. This algorithm identifies
the most suitable gap on the main carriageway and suggests
an appropriate speed for the merging vehicle well before it
arrives at the merging point. More recently, Pueboobpaphan
et al. studied again the effects of Cooperative Adaptive
Cruise Control for merging assistance in case of mixed
traffic, also considering the effects on string stability [21].
Park et al., instead of reducing the speed of main carriageway
vehicles to create gaps, proposed an algorithm providing lane
changing advice to motorway main carriageway vehicles to
create larger gaps for merging vehicles [22]. Finally, Mari-
nescu et al. suggested a merging algorithm with cooperation
between main carriageway vehicles and on-ramp vehicles
based on a slot-based traffic management system [23]. All the
presented works facilitate the merging of on-ramp vehicles
using innovative communication technologies, but none of
them integrates these technologies with the already present
ramp metering infrastructure.
The aim of this study is to present a novel control strategy
for cooperative merging and to evaluate its effects on traffic
flow. This new system, called Cooperative Merging Assistant
(CoopMA), rearranges gaps present in the motorway main
carriageway by requesting cooperation from participating ve-
hicles in order to facilitate the merging of on-ramp platoons.
These platoons are released by a traffic light already present
in junctions equipped with traditional ramp metering, where,
for operational or legislative reasons, a Full Traffic Cycle
metering policy is necessary, i.e. a single platoon is released
at each traffic light cycle [24]. This new control strategy
exploits the opportunity offered by the integration between
intelligent vehicles equipped with on-board communication
systems and ramp metering technology, investigating possi-
ble benefits of the enabled cooperation among vehicles. This
control strategy, creating suitable gaps for merging, should
be able to reduce the disruption of on-ramp vehicles and
therefore reduce the occurrence of congestion at junctions
[25].
II. COOPERATIVE MERGING ASSISTANT CONTROL
STRATEGY
This section presents a new control strategy and explores
its spatio-temporal effects on traffic flow and vehicle density,
as well as introducing the methodology used to define the
control algorithm.
To facilitate merging, the proposed control strategy coor-
dinates the release of platoons of on-ramp vehicles with the
gaps created on the main carriageway specifically for them.
These gaps are created by collecting those already present
on the near-side lane, i.e. the lane closest to the on-ramp,
and compacting the vehicles into groups of a higher density.
This rearrangement can be achieved by reducing the speed
of one vehicle on the main carriageway equipped with an in-
car communication system. The speed of this vehicle, called
cooperative vehicle, can be reduced either automatically,
transmitting instructions to the vehicle Cruise Control, or
Fig. 1. Conceptual representation of the effects on traffic flow under
Cooperative Merging Assistant. (a) vehicle configuration if CoopMA is not
applied, and (b) if CoopMA is applied with creation of platoons and gaps.
(c) representation of the spatio-temporal evolution of the main carriageway
vehicle density with formation and evolution of gaps G suitable for merging
created by the decrease in speed of the cooperative vehicles.
manually, showing a message on an on-board display and
requesting a lower speed to be maintained.
Figures 1(a) and (b) show the difference in vehicle con-
figuration on the main carriageway if this system is not
applied (a) or if it is applied (b). Figure 1(c) shows a
conceptual representation of the spatio-temporal diagram of
the main carriageway vehicle density if CoopMA is applied.
Once the cooperative vehicle reduces its speed, the gaps
between vehicles are rearranged; and a gap G is gradually
expanded in front of the cooperative vehicle. Meanwhile,
the upstream vehicles, due to the slow vehicle in front, will
compact behind the cooperative vehicle, expanding the area
of high density. If, subsequently, another cooperative vehicle
is set, this effect will be re-created cyclically. This gap is
represented in Figure 1(b) as the distance between the front
of the cooperative vehicle and the rear of the next vehicle
in front, and as an area of zero density in Figure 1(c). The
space-time evolution of the upstream and downstream fronts
of the gap G is represented in Figure 1(c). The upstream
front of the gap is determined by the cooperative vehicle
trajectory in the spatio-temporal diagram. The evolution of
the downstream front is determined by the trajectory of
the first vehicle downstream from the cooperative vehicle,
i.e. the last vehicle in the platoon between two consecutive
cooperative vehicles (the back of the platoon).
In order to develop the Cooperative Merging Assistant
control strategies, the evolution of the gap is calculated
analytically. Because the focus of the present paper is on the
traffic performance of the CoopMA system rather than the
definition of the control strategy, only a brief explanation is
presented of the methodology. A complete discussion of the
methodology, the equations and the results on the CoopMA
control strategy can be found in [25], [26].
The fundamental diagram of traffic flow, its properties and
shock wave theory have been used to define the CoopMA
control strategy analytically. The fundamental diagram was
used to calculate the size of the gap that it is possible to
create for different main carriageway traffic conditions and
platoon sizes. Every traffic state φ is defined by its speed vφ,
density kφ and flow qφ, and the fundamental diagram defines
Fig. 2. Conceptual speed-density (a) and flow-density (b) diagrams with the
representation of the different traffic state created by the use of Cooperative
Merging Assistant.
the relationships among these variables. Figure 2 shows a
conceptual parabolic fundamental diagram that is used here
for describing the CoopMA control strategy. Assuming that
the actual traffic state upstream of the on-ramp is known
(measured) to be A, using the fundamental diagram, it is
possible to determine each of its speed vA, density kA and
flow qA, identified by point A in Figure 2. If the cooperative
vehicle slows down to speed vC , after a certain amount
of time, the vehicles immediately upstream will travel at
a higher density kC , shown as state C in Figure 2. The
spacing between the vehicles is reduced; so, if a further
cooperative vehicle is set, a gap is created between the
last vehicle in the platoon and the next cooperative vehicle,
corresponding to state O (origin state). The speed vC of
the cooperative vehicle is a control strategy design variable
and should be chosen to lie in the range from vA to the
speed that maximises flow, i.e. the critical speed. Note
that state A is stable by definition, and state C has to be
chosen such that it is also stable [25]. This will ensure that
no breakdown is caused by slowing down the cooperative
vehicles. Empirical data in proximity of the on-ramp to
manage can be used to identify these states. The size, in time
or space, of the gap is a function of state A (measured), state
C (design variable) and the number of vehicles between two
consecutive cooperative vehicles (design variable), i.e. the
platoon size as shown in Figure 1(b).
Meanwhile the fundamental diagram has been used to esti-
mate the size of the gap, shock wave theory [2] has been used
to determine the time and space required to create the gap,
i.e. the spatio-temporal evolution of the boundaries between
the traffic states A, C and O, as shown in Figure 1(c).
Shock wave theory relates the spatio-temporal diagram of
the traffic states and the flow-density diagram. The latter
diagram defines the traffic states A, C and O, and the spatio-
temporal diagram describes the evolution of the boundaries
of these states in space and time. According to shock wave
theory, the slope of the trajectory, i.e. the speed, of the
boundary between two traffic states in the spatio-temporal
diagram is equal to the slope of the line connecting the states
on the flow-density diagram. Combining the trajectories of
the boundaries with those of the vehicles it is possible to
determine the time and space that the vehicles in the platoon
will need to compact and to create the gap G, i.e. change
from state A to state C and O. These quantities are of fun-
damental importance, because they define when and where
to send a message to the cooperative vehicle requesting the
deceleration. The location of cooperation varies according
to the traffic state on the main carriageway and the platoon
size chosen; therefore it must be calculated dynamically [25],
[26].
In order to calculate the traffic light phases durations for
coordinating the release of the on-ramp vehicles with the
gap G, beside the spatio-temporal evolution of the gap, the
travel time from the traffic light on-ramp stop line to the
merge location should be known. This can be estimated using
kinematic equations with the average vehicle acceleration
and the junction geometry. Now, the green and red phases can
be defined as follow. The start of the green phase is triggered
by the position of the cooperative vehicle communicated
to the infrastructure. The green phase will begin when the
predicted arrival at the merging location of the gap G will
match the predicted arrival of the on-ramp vehicles released
by the traffic light. This is calculated to synchronise the
arrival at the merging location of the first released on-ramp
vehicle with the downstream front of the gap G. The duration
of the green phase, and thus the number of vehicles in the
platoon released in each traffic light cycle, is instead defined
by the duration of the gap G. Supposing each on-ramp
vehicle needs a fixed time gap to merge safely into the main
carriageway, the duration of the green phase is calculated so
that the number of vehicles released is the maximum able to
merge in the gap G. Traditional RM installations calculate
that a vehicle needs a fixed time of 2 second to cross the
stopping line during the green phase [24], therefore the green
phase is calculated accordingly. Finally, the length of the red
phase is determined, such that in the next green phase, the
on-ramp vehicles will be released to the gap that is created
by the following cooperative vehicle. The total cycle length
depends on the flow on the main carriageway, and the platoon
size [25], [26].
The exchange of information requested by the CoopMA
system is of two types:
(i) Vehicle to Infrastructure. On-ramp and main carriage-
way vehicles give information on the traffic state to the
control centre. This communication can be done using the
detector loops that are already present in junctions equipped
with traditional RM. In addition, the position of the cooper-
ative vehicles on the main carriageway is communicated to
the control centre.
(ii) Infrastructure to Vehicle. The control centre releases
the on-ramp vehicles and slows down cyclically the coop-
erative vehicles. For the release of on-ramp vehicles, the
CoopMA uses a traffic signal that is already present in
junctions equipped with RM, and so, no intelligent vehicles
are required. On the other hand, for creating the main
carriageway gap G, vehicles equipped with on board com-
munication system are necessary.
The CoopMA strategy is designed to release platoons of
vehicles instead of single vehicles for two main reasons.
First, a moderate amount of V2I communication is required,
given that only one intelligent vehicle for traffic light cycle
is necessary. Second, coordinating a single large gap with a
single platoon presents fewer difficulties than coordinating
many small gaps for individual vehicles. This because the
conflicts between the merging and main carriageway vehicles
occur at the extremes of the merging platoon and the main
carriageway gap G. Therefore, larger platoons have less
conflicting zones per vehicle. The disadvantage of releasing
platoons is that they create stronger disruptions on the main
carriageway flow while merging [6], [24]. The effects of
this design on the control strategy performance are evaluated
using simulation in the next sections, while the consequences
of miss-coordination between gaps and merging platoons are
left for further work.
III. EVALUATION METHODOLOGY
To evaluate the effects of the Cooperative Merging Assis-
tant system, traffic performance has been assessed for differ-
ent scenarios on a motorway junction using a microscopic
simulation. This evaluation aims to prove that the CoopMA
system, by creating suitable gaps for merging, is able to
reduce disruption caused by on-ramp vehicles and thus to
reduce the occurrence of congestion at junctions.
The general research question of this evaluation is on the
capability of the Cooperative Merging Assistant to improve
traffic performance. Considering the control actions imple-
mented by the CoopMA system for managing the motorway
junction, this general research question can be split into four
specific ones:
Q.1 Does the Cooperative Merging Assistant system re-
duce the occurrence of congestion at merges?
Q.2 Does the Cooperative Merging Assistant system re-
duce the congestion duration?
Q.3 Does the Cooperative Merging Assistant system re-
duce the number of late-merging vehicles?
Q.4 Does the Cooperative Merging Assistant system re-
duce the merging position?
To answer these questions, three scenarios have been cho-
sen for the simulation: Reference - single entry uncontrolled;
Without CoopMA - platoon entry without Cooperative Merg-
ing Assistant strategy; and CoopMA - the same platoon entry
but controlled by Cooperative Merging Assistant strategy.
The Reference scenario shows the traffic flow behaviour for
the uncontrolled situation. The traffic light is not active (set
to a permanent green), and the merging vehicles follow their
individually determined trajectories merging one at the time.
The Without CoopMA scenario simulates the merging of a
platoon released by a traffic light without any cooperation
from the main carriageway vehicles. In order to have a com-
parison among the scenarios, the traffic light phases match
the one calculated by the CoopMA control strategy presented
in the following; thus, the same platoon size is released. This
scenario aims to provide a comparison between the effects of
the same platoon of vehicles merging without and with the
use of the CoopMA strategy. In the third scenario, the traffic
light is controlled by the CoopMA control strategy and the
main carriageway vehicles are cooperating for facilitating the
merging.
The two design variables to be defined for the CoopMA
strategy are: ∆v the maximum reduction in speed of the
cooperative vehicles, and np the main carriageway platoon
size. For these simulations the values ∆v = 10 km/h
and np = 10 vehicles have been chosen. A cooperative
vehicle is assumed to be available each time one is required,
therefore the distribution of cooperative vehicles is exactly 1
followed by 9 normal vehicles. The traffic light phases and
the cooperation location, defined by the CoopMA control
strategy, are constant during the entire simulation, because
the main carriageway flow, i.e. state A, and the platoon size
are constant. The traffic light cycle time is of 18.0 seconds
with a green phase duration of 7.5 seconds, sufficient to allow
the maximum simulated on-ramp flow of 900 veh/h, followed
by a red phase of 10.5 seconds. The cooperative vehicle
should start to decrease its speed and to create the gap G
at least 1.8 km upstream of the merging location, according
to the calculations discussed in Section II.
Beside the stated differences, the scenarios have other
common characteristics. All simulations have a duration of
30 minutes, chosen as a trade-off between being represen-
tative of a peak hour and computational time. To simplify
the simulation and gain a clearer evaluation of the control
effect, a small variability in the vehicle characteristics has
been introduced. All the vehicles have identical parameters
except for their desired speed, which is generated from a
truncated normal distribution with mean vo = 120 km/h,
standard deviation 1 km/h and cut at ±2 km/h. Once again
to simplify the simulations, the vehicles have been generated
with a constant headway, instead of the default Poisson
process used by the simulation package. However, given the
4 km length of the upstream link and the different desired
speeds, vehicles have time to cluster together after being
generated, arriving at the merging location with a realistic
distribution, as it will be shown in Section IV.
Each scenario has been evaluated over a range from
absence of congestion to fully congested. The main car-
riageway flow was kept constant at 2,000 veh/h, and the
on-ramp demand was varied from 200 veh/h to 900 veh/h,
with increment of 50 veh/h, for a total of 15 different on-
ramp flows. Each flow was simulated for 30 runs each
with a different random seed, and the distribution of the
performance indexes has been used for comparison among
scenarios instead of single values.
The simulated infrastructure, equal for the three scenarios,
is composed of a single merge since the Cooperative Merging
Assistant algorithm is a local control strategy managing
each junction separately. The extent of the main carriageway
was chosen to be sufficiently long to incorporate all the
traffic phenomena occurring upstream and downstream of the
merging location. The CoopMA sends the signal to decrease
the speed of cooperative vehicles several kilometres before
of the merging; therefore, the upstream stretch should be
long enough to include this location. In addition, this link
should be able to capture the eventual congestion that prop-
agates upstream from the merging. Not all dynamics happen
upstream, disruptions created by on-ramp vehicles could
Fig. 3. Simulated infrastructure of the motorway junction using VISSIM
(configured right-hand traffic). The junction is composed of: upstream,
merging, downstream and on-ramp links with traffic light.
lead to flow break-down several kilometres downstream of
the merging area. So the downstream stretch was chosen
long enough to incorporate this phenomenon. To keep the
simulation complexity at a minimum in order to have a
clear evaluation of the effects of the CoopMA, a single lane
motorway main carriageway has been simulated. Anyway,
a single lane representation covers the essential system
components, because the control policy communication and
cooperation happen only on the near-side lane. In the case of
a multi-lane motorway, additional lane changing behaviour
should be considered and limited. Off-side lane changes,
i.e. from the near-side (slow lane) towards the off-side (fast
lane), can be allowed for any vehicle except the cooperative
ones. This type of lane change will have the beneficial
effect of increasing the gap available for merging, although
the consequences on platoon formation should be evaluated
carefully in simulations. Instead, to protect the gap created,
near-side lane changes should be forbidden for all vehicles.
These lane changing behaviours could be enforced applying
one-side solid line on the pavement. For the same reason
of having a clear evaluation of the CoopMA effects whilst
keeping the simulation as simple as possible, the off-ramp
that is usually present at motorway junctions has not been
simulated. This allows reducing the complexity of weaving
movements happening before the exit, and once again giving
the possibility to focus on the CoopMA effects.
Based on these considerations, the infrastructure shown
in Figure 3 has been simulated. The motorway stretch is
composed of four links: an upstream link of 4 km, 1 lane; a
merging link of 250 metres, composed of two lanes, a main
carriageway lane and an acceleration lane; a downstream link
of 4 km, 1 lane; and an on-ramp link of 285 metres, 1 lane,
divided in two sections by the on-ramp traffic light situated
85 metres upstream of the start of the merging link. The
length of the merging section, the on-ramp and the traffic
light position are based on a standard English motorway
junction [27].
Having presented the simulation characteristics, the mea-
sures of effectiveness (MoE) for evaluating the traffic per-
formance are now introduced. Supposing the causes of
breakdown are disruptions created by late-merging vehicles,
a set of MoEs has been identified in order to evaluate if,
by improving merging, the CoopMA can improve traffic
performance for different on-ramp flows q. The four MoEs
evaluated as performance criteria to answer the research
questions Q1-Q4 are:
(i) γq occurrence of congestion [-] (proportion 0-1). The
number Nc of simulation runs with the creation of congestion
divided by the total number n of single run simulations for
a specific scenario: γq = Nc/n. As previously mentioned,
the same scenario is simulated with n = 30 different random
seeds; therefore this index can be interpreted as the rate of
occurrence of congestion for on-ramp flow q. An event of
congestion is classified as such if the average vehicle speed
on a 10 metre section of main carriageway motorway is
less than 40 km/h for more than 10 seconds. This criterion
has been chosen after several tests to identify clearly major
disruptions in traffic flow, and the value of 40 km/h is often
used as a threshold for identifying congested-flow states [1].
(ii) τq proportion of time spent in congestion [-] (propor-
tion 0-1). The proportion of time Tc during which congestion
is present in at least one 10 metre motorway cell, relative to
the entire simulation time t: τq = Tc/t. This index indicates
the extension and severity of the congestion.
(iii) λq proportion of late-merging vehicles [-] (proportion
0-1). Proportion of late merging vehicles Nl on the total of
merging vehicles h when the simulation is not in congestion:
λq = Nl/h. A vehicle is considered as late merging if it
merges in the last 50 metres of the acceleration lane [28],
i.e. after 200 metres from the start of the merging link. This
index shows the proportion of vehicles that most likely are
going to disrupt the traffic flow, because those vehicles are
ready to accept smaller gaps and merges with slower speed.
(iv) mq merging position [metre, 0 ≤ mq ≤ 250]. The
mean of the merging position of all merging vehicles when
the simulation is not in congestion, relative at the beginning
of the merging link. This index illustrates the position on the
merging section at which vehicles are able to find a suitable
gap for merging. If they find this gap at the beginning of the
section, these vehicles are less likely to create disruption at
the traffic flow.
Because multiple runs are used, the single run simulations
MoEs are aggregated to obtain the multiple runs simulation
MoEs. γq is already an aggregate index, so it does not need
further aggregation. τq is calculated as the average of all the
single run simulations, and λq and mq are the average of all
individual values of the merging vehicles for all the single
run simulations but only before congestion occurs. Only
vehicles merging before congestion are considered for the
calculation of λq , mq , because, once congestion occurs, the
merging process has a complete different dynamics, and it is
no longer controlled by the CoopMA system, therefore these
MoEs are no of interest. A warm-up period during which
vehicles are partially present on the network has omitted.
The evaluation focuses on the ability of the CoopMA
in preventing congestion, more than its performance once
congestion has occurred. For this reason τq , proportion of
time spent in congestion, is used instead of Travel Time (TT).
τq is a function of the moment when congestion starts, and
it is less dependent on the spatio-temporal evolution of the
queue than TT. τq shows more clear results on the perfor-
mance during the comparison between scenarios without and
with CoopMA; because the two scenarios present different
evolution of queues after the breakdown that influence TT
but not τq .
The general associate hypothesis at the research questions
Q.1-Q.4 is that the CoopMA is able to produce positive
effects thanks to a facilitated merging process. To evaluate
this general statement quantitatively, it is possible to state
formal statistical hypotheses that should be tested comparing
the values of MoEs for different scenarios (MoEs for the
Reference scenario have been superscripted with the symbol
R and for the CoopMA with the symbol C). The four
research hypotheses can be formally written as:
T.1 The hypothesis for Q.1 is: Cooperative Merging
Assistant reduces the occurrence of congestion. Thus the
test MoE is γq occurrence of congestion (Reference vs.
CoopMA)
H0 : γ
C
q = γ
R
q
H1 : γ
C
q < γ
R
q
(T.1)
As already introduced, γq is a binomial index for a single
run simulation, i.e. each run can have values of 0 (congestion
is not present) or 1 (congestion is present), therefore this
hypothesis is evaluated with a test for difference in two
population proportions.
T.2 The hypothesis for Q.2 is: Cooperative Merging Assis-
tant reduces the proportion of time spent in congestion. Thus
the test MoE is τq proportion of time spent in congestion
(Reference vs. CoopMA)
H0 : τ
C
q = τ
R
q
H1 : τ
C
q < τ
R
q
(T.2)
This hypothesis is evaluated with a paired t-test where single
run simulations with the same random number for the two
different scenarios are handled as a pair.
T.3 The hypothesis for Q.3 is: Cooperative Merging As-
sistant reduces the proportion of vehicles that merge late.
Thus the test MoE is λq proportion of late-merging vehicles
(Reference vs. CoopMA)
H0 : λ
C
q = λ
R
q
H1 : λ
C
q < λ
R
q
(T.3)
As in T.1, this hypothesis is evaluated with a test for
difference in two population proportions, but in this case the
sample size consists of all merging vehicles. Each vehicle
is considered as a binomial variable that could be a late-
merging vehicle or not.
T.4 The hypothesis for Q.4 is: vehicles can merge earlier
under Cooperative Merging Assistant than they could without
it. Thus the test MoE is mq merging position (Reference vs.
CoopMA)
H0 : m
C
q = m
R
q
H1 : m
C
q < m
R
q
(T.4)
This hypothesis is evaluated with a standard t-test for two
populations with unknown variance where the position of
each merging vehicle is considered a sample for each sce-
nario.
The four tests are based on the comparison between the
Reference and CoopMA scenario, and not between with
and without CoopMA because the latter is expected to
perform worse in all cases than the unmanaged situation.
An increase in the occurrence of congestion, time spent
in congestion, late-merging vehicles and a more advanced
merging position are expected in comparison with both Ref-
erence and CoopMA cases. This is because, when vehicles
are released by a traffic light as in the RM system, the
merging manoeuvre may become more difficult, and on-
ramp vehicles, in particular if released in platoons, can create
disruptions stronger than in the uncontrolled scenario. As
previously mentioned, this scenario aims to compare the
disruptions caused to the traffic flow by the presence of a
traffic light without facilitated merging.
For the simulations the combination of MATLAB version
R 2012b and the VISSIM version 5.40 have been adopted.
VISSIM uses a psycho-physical car following model based
on [29] and a lane-changing/merging model incorporating
courtesy lane-changing and courtesy yielding behaviour. This
tool has been used in recent evaluations of cooperative
merging control strategies [22], [23].
The default parameters of VISSIM have been proved to
reproduce the significant traffic phenomena, as will be shown
in Section IV. Congestion develops on the main carriageway
in proximity of the merge, and then it propagates upstream
with a speed of about -18km/h, in agreement with empirical
observation [1]. Break-down is often simulated as occurring
several hundred metres downstream to the merging section,
reproducing correctly the relaxation phenomenon and the
boomerang effect [7], [30]. Also the merging process is
correctly represented; the positions where on-ramp vehicles
are able to move on the main carriageway are in agreement
with empirical observations, and the important courtesy
yielding manoeuvre is incorporated too [28], [31].
IV. RESULTS AND DISCUSSION
In this section, before discussing and comparing the sim-
ulation results, the spatio-temporal diagrams of significant
runs and the headway distributions are presented in order to
have a qualitative understanding of the simulation behaviour
and the different types of congestion created.
Figure 4 shows examples of queue formation and prop-
agation for increasing on-ramp flows using spatio-temporal
diagrams of the vehicle speed on the main carriageway in
the case of the Reference scenario. The abscissa indicates
time in seconds for the 30 minute simulated time horizon,
and the ordinate indicates the main carriageway motorway
location, from 4 km upstream of the merging area to 4 km
downstream. The start and end of the 250 metre merging
section are indicated with black solid lines. Figure 4 (a)
(on-ramp flow 450 veh/h, run 7) shows an example of an
extended and severe perturbation. The disruption to traffic
flow is not sufficiently strong to lead to a unrecoverable
break-down, and after about 500 seconds the simulation
returns to a free-flow state. Instead, a different simulation
run with the same on-ramp flow leads to unrecoverable
transition from free-flow to congested-flow, Figure 4 (b)
Fig. 4. Spatio-temporal diagrams of different congestion formation for the
Reference scenario. (a) severe congestion (on-ramp flow 450 veh/h, run 7).
(b) break-down and shock wave formation (on-ramp flow 450 veh/h, run
15). (c) boomerang effect (on-ramp flow 800 veh/h, run 1). (d) example of
complex behaviour (on-ramp flow 800 veh/h, run 5).
(on-ramp flow 450 veh/h, run 15). In this case the initial
disruptions at around 700 seconds create a flow break-
down with consequent upstream propagation of shock waves.
Instead, Figure 4 (c) (on-ramp flow 800 veh/h, run 1) shows
a different example of a break-down, and in this case the
boomerang phenomenon is clearly visible. Perturbations gen-
erated at the merging location increase in magnitude while
are propagating downstream, until they create a break-down
about 1 km from the junction, in agreement with stability
theory and empirical observations [7]. Then, a shock wave
is generated and starts moving upstream, until it reaches the
merging section, the location where the first disruption took
place. As visible, this simulation run has been interrupted
before the end of the 30 minutes horizon, at 800 seconds.
This is because under strong congestion, the simulation
reproduces accurately the occurrence of break-down and
the shock wave propagation, but not the behaviour of on-
ramp vehicles once a shock wave has reached the merging
location. In some cases, on-ramp vehicles are completely
stationary, i.e. zero speed, and are not able to merge the
motorway, while mean carriageway vehicles start travelling
at free speed. This behaviour is not representative of the real
situation; therefore, the simulation is stopped and classified
as being in a congested state from the moment of the break-
down onwards. The final figure, Figure 4 (d) (on-ramp flow
800 veh/h, run 5), presents an example of complex behaviour
reproduced by the simulation. Two perturbations created near
the merging section propagate downstream but do not lead
to break down because the upstream flow has been reduced
by a third perturbation formed at the merging location. The
latest disruption creates a not-recoverable congestion at 550
seconds, leading to a total blockage of the on-ramp and
Fig. 5. Spatio-temporal diagrams of different congestion formation for the
Cooperative Merging Assistant scenario. (a) complete absence of congestion
and visible cooperative area (on-ramp flow 200 veh/h, run 1). (b) small
perturbation not classified as congestion (on-ramp flow 650 veh/h, run 18).
(c) break-down and shock wave formation (on-ramp flow 650 veh/h, run
11). (d) boomerang effect (on-ramp flow 750 veh/h, run 23).
consequent stop of the simulation run.
Looking at the variability present among the different
runs, it is clear that a range of traffic flow phenomena are
reproduced. Furthermore it is interesting to notice that the
same scenario simulated with different random seeds can
bring to completely different results, eg Figure 4 (a) and (b).
This supports the idea that facilitating the merging process
could lead to the prevention of the single disruption that
triggered the non-recoverable transition from free-flow to
congested flow, and it is within this logic that the CoopMA
operates.
The qualitative traffic flow phenomena in the Without
CoopMA scenario are similar to the one of the Reference sce-
nario; therefore, no spatio-temporal diagrams are presented.
However, the impacts on the traffic performance caused by
the presence of a traffic light and the release of on-ramp
platoons without main carriageway cooperation are discussed
in the following.
The final simulated scenario analyses the traffic per-
formance under the control of the CoopMA. The traffic
behaviour for this scenario is shown in Figure 5, where
the spatio-temporal diagrams of the main carriageway speed
for some relevant runs are presented. In contrast with the
Reference scenario, from km 8 to km 10, the area is visible
where the cooperative vehicles decrease their speed and start
the formation of 10-vehicle platoons. Figure 5 (a) (on-ramp
flow 200 veh/h, run 1) is an example of a run where the
use of CoopMA is able to remove all perturbations in the
merging area. The only disruptions to the traffic flow are
the ones introduced by the CoopMA strategy itself, but,
as is visible, they provide a smooth transition from state
Fig. 6. Headway distributions in different sections of the infrastructure.
(a) generation section. (b) upstream the merging section in the uncontrolled
scenarios. (c) upstream the merging section when CoopMA is applied. (d)
downstream the merging section. (d) vehicle trajectories in the merging
section, main carriageway lane.
A, natural traffic flow state, to state C, cooperative state
with platoons and gaps, without generating shock waves
itself. In Figure 5 (b) (on-ramp flow 650 veh/h, run 18) a
small perturbation, not classified as congestion, is visible at
600 seconds that, although propagating downstream, does
not lead to break-down. Instead, Figure 5 (c) (on-ramp
flow 650 veh/h, run 11) and (d) (on-ramp flow 750 veh/h,
run 23) show two examples of non-recoverable congestion
with two different evolutions. In the first case traffic breaks
down at the merging location, and then shock waves are
created, similar to Figure 4 (b). In the second case, after
several perturbations without consequence in the first 200
seconds, flow breaks down at 1200 seconds reproducing the
boomerang phenomenon, in analogy with Figure 4 (c).
Figure 6 shows the headway distributions in different
sections of the infrastructure, as well as a sample of the
vehicle trajectories in the merging section. In all scenarios,
vehicles are generated with a average headway of 50 me-
tre with some random variations as previously described,
Figure 6 (a). Then, when they reach the merging section
in the uncontrolled and Without CoopMA scenarios, the
vehicles are naturally grouped in random platoons due to
the presence of vehicles with lower desired speed [28], as
shown by Figure 6 (b). On the other hand, when the CoopMA
is applied, two distinct groups are present, Figure 6 (c).
Compacted vehicles with small headways, and cooperative
vehicles with in front large headways used for merging.
Figure 6 (e) shows how these gaps are efficiently used by on-
ramp vehicles, which find available space exactly in the mo-
ment of the merging. The absence of perturbations is visible
from the nearly straight trajectories. Finally, downstream of
the merging section, in all cases, vehicles travel with smaller
average headways, 40 metre in this example Figure 6 (d), due
to the increased total flow.
Figure 7 shows the trends for the MoEs presented in
Section III. The abscissa for all figures indicates the on-
ramp flow, while the ordinate represents the value of various
Fig. 7. Results and comparison for the scenarios. (a) γq occurrence of
congestion, (b) τq proportion of time spent in congestion, (c) λq proportion
of late-merging vehicles and (d) mq mean of the merging position.
indexes for the different scenarios. The following is a dis-
cussion for each index.
The index occurrence of congestion γq - Figure 7 (a),
can be interpreted as the rate of breakdown at flow q. For
all scenarios γq increases with the increase of on-ramp
flow, and it reaches 100% for q higher than 850 veh/h.
For on-ramp flows less than this value, in comparison with
the uncontrolled scenario, the release of platoons without
main carriageway collaboration increases the occurrence of
congestion due to the more intense perturbations created
by merging vehicles. Stronger disruptions are caused by
the increasing difficulty in the merging manoeuvre when
vehicles are released by an on-ramp traffic light [32], and
by the merging of on-ramp platoons leading to an increased
number of late-merging vehicles, as shown by Figure 7 (c).
On the other hand, the use of CoopMA greatly reduces the
occurrence of congestion thanks to the creation of suitable
gaps for merging. This result is obtained by a reduction in
late-merging vehicles, Figure 7 (c), and so, a decrease of
disruptions that could lead to congestion.
The index proportion of time spent in congestion τq -
Figure 7 (b) shows similar trends to γq for all on-ramp
flows, showing that CoopMA can postpone the creation of
congestion and so reduce the proportion of time spent in
congestion. The reason for this behaviour is once again the
reduction of late-merging vehicles thanks to the facilitated
merging process.
As in the case of γq and τq , the trends for the proportion
of late-merging vehicles λq - Figure 7 (c), show clear results
on the effectiveness of the CoopMA algorithm. The use of
CoopMA reduces the number of late-merging vehicles at
each flow level in comparison with the other scenarios. In
the Without CoopMA scenario, λq increases progressively,
showing that on-ramp vehicles have difficulties in finding
suitable gaps, in particular when released in platoons. A
TABLE I
P-VALUES FOR THE STATISTICAL TESTS
On-ramp flow T.1 T.2 T.3 T.4
q [veh/h] γq τq λq mq
200 - - < 10−16 < 10−16
250 0.008 < 10−16 2x10−08 < 10−16
300 0.015 0.013 0.005 < 10−16
350 0.061 0.067 0.237 < 10−16
400 0.031 0.026 < 10−16 < 10−16
450 0.001 0.001 6x10−08 < 10−16
500 0.001 0.002 1x10−09 < 10−16
550 2x10−07 9x10−05 < 10−16 < 10−16
600 9x10−06 4x10−06 < 10−16 < 10−16
650 3x10−05 8x10−05 < 10−16 < 10−16
700 1x10−07 2x10−07 < 10−16 < 10−16
750 3x10−07 7x10−06 < 10−16 < 10−16
800 3x10−06 1x10−07 < 10−16 < 10−16
850 0.638 0.774 < 10−16 < 10−16
900 0.745 0.909 3x10−12 < 10−16
small increase of λq is visible for the uncontrolled scenario
proving that on-ramp vehicles have difficulties in finding
suitable gaps in dense traffic; meanwhile, in the CoopMA
scenario it remains almost constant, showing the ability of
this innovative system to keep λq low even for high on-ramp
flows. Therefore, assuming that late-merging vehicles are the
most responsible for creating disruptions that could lead to
congestion, this index shows why the system is able to reduce
the occurrence and intensity of it.
As expected, providing suitable gaps for merging,
CoopMA is able to decrease considerably the average merg-
ing position of on-ramp vehicles mq - Figure 7 (d). While
in this scenario almost the totality of the on-ramp vehicles is
able to merge at the beginning of the on-ramp, in the case of
uncontrolled and without main carriageway cooperation, they
merge around the middle of the section, in agreement with
empirical observations [28]. The average merging position
in the Without CoopMA scenario is the most downstream
because the vehicle trajectories are disturbed by the presence
of the traffic light, and no assistance is given from main
carriageway vehicles as in the case of CoopMA.
The graphical investigation of the MoE shows clear results
of the positive effects of the CoopMA on traffic flow. This
conclusion can be also supported in a more formal way. The
research questions on the effectiveness of CoopMA, Q.1-Q.4,
can be answered using the statistical test, T.1-T.4, presented
in Section III. Table I reports the p-values of the results of the
four hypotheses. It is convenient to remember that a widely
used significance level for rejecting the null hypothesis is
p-value < 0.05 [33]. Therefore, for how T.1-T.4 have been
designed, each test that has a p-values less than 0.05 can be
interpreted as having enough statistical evidence to support
the positive effect of the CoopMA on traffic flow. Analysing
the results in Table I, the qualitative conclusions drawn from
the indexes trends in Figure 7 are confirmed by quantitative
indications.
Few considerations should be made on the cases where the
p-values are greater than 0.05, i.e. there is no enough statis-
tical evidence to support the positive effect of the CoopMA.
The first case is for the indexes occurrence of congestion
γq , proportion of time spent in congestion τq and proportion
of late-merging vehicles λq for flow q = 350 veh/h. As it
is also visible from the MoE trends in Figure 7, for flows
lower than this value, the disruptions to the traffic are limited.
This because, the total flow is well under capacity, and the
junction can be considered mostly in free-flow state. For
this reason, applying the CoopMA, although facilitate the
merging process, does not bring evident improvement to
the traffic condition, which already presents few events of
congestion. The second case is for the indexes γq and τq
for q ≥ 850 veh/h. In this case, the traffic on the motorway
has an elevated density, and few empty spaces are left to
be rearranged by the CoopMA system. As expected, in this
situation, there is almost no scope for the traffic management
system to improve traffic performance, and the only possible
control option could be to reduce the demand.
In conclusion, given the graphical interpretations and the
statistical results, there is sufficient evidence to answer all
research questions positively and to support the capability
of the Cooperative Merging Assistant system in improving
traffic performance at motorway junctions.
V. CONCLUSIONS
This paper evaluated the effects of the Cooperative Merg-
ing Assistant control strategy on the traffic flow. The pro-
posed cooperative system operates by modifying the distri-
bution of gaps between vehicles on the main carriageway,
but without reducing flow and slowing some vehicles only
slightly. In particular, it has the effect of collecting several
relatively small partial headways into a single longer one
that can be used to facilitate merging. This approach cannot
increase the capacity of the main carriageway, which has to
be sufficient for the total inflow if merging is to be possible
at all. However, by facilitating the merging process itself,
it increases the flows that can be accommodated without
transient caused by merging precipitating flow breakdown.
Based on the simulation results and the statistical tests, the
hypothesis that the Cooperative Merging Assistant could im-
prove the traffic performance has been confirmed. CoopMA,
by providing suitable gaps for merging, can greatly reduce
the number of late-merging vehicles, thought to be the
prime cause of flow breakdown at merging. This innovative
strategy, reducing merging disruptions, is able to decrease
the occurrence of congestion for a wide range of on-ramp
flows and to reduce the time spent in congestion as well.
Having confirmed the effectiveness of the CoopMA sys-
tem, a further consideration should be made on how to
use this reduction of congestion. It can be used in two
ways by a motorway operator. Assuming the stochastic
nature of breakdown [4], the capacity of the motorway
in proximity of a junction can be defined as the flow
associated with a certain rate of breakdown, evaluated with
the index γq . Therefore, the use of CoopMA, reducing this
value, is actually increasing the capacity; and so, without
physical intervention, the operator can increase the motorway
throughput. A second possibility is to increase the reliability
of the service provided. Assuming that a junction is already
controlled by a traditional RM system, the CoopMA could be
used to facilitate the merging. With this configuration, instead
of increasing the target on-ramp flow to match the increased
capacity, the operator can decide to maintain the same target
flow currently used by traditional RM; and, thanks to the
use of CoopMA, decrease the occurrence of congestion. This
means that the drivers will experience a more reliable service,
undergoing fewer events of recurrent congestion.
To have a complete evaluation of the CoopMA system,
a wider range of scenarios needs to be investigated, e.g.
multiple lanes, different penetration rates, different main
carriageway demands. All these aspects will be assessed in
future work.
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